ABSTRACT:
This report describes significant results from an on-going, collaborative effort to enable the use of inexpensive metallic alloys as interconnects in planar solid oxide fuel cells (SOFCs) through the use of advanced coating technologies. Arcomac Surface Engineering, LLC, under the leadership of Dr. Vladimir Gorokhovsky, is investigating filtered-arc and filtered-arc plasmaassisted hybrid coating deposition technologies to promote oxidation resistance, eliminate Cr volatility, and stabilize the electrical conductivity of both standard and specialty steel alloys of interest for SOFC metallic interconnect (IC) applications. Arcomac has successfully developed technologies and processes to deposit coatings with excellent adhesion, which have demonstrated a substantial increase in high temperature oxidation resistance, stabilization of low Area Specific Resistance values and significantly decrease Cr volatility. An extensive matrix of deposition processes, coating compositions and architectures was evaluated. Technical performance of coated and uncoated sample coupons during exposures to SOFC interconnect-relevant conditions is discussed, and promising future directions are considered. Cost analyses have been prepared based on assessment of plasma processing parameters, which demonstrate the feasibility of the proposed surface engineering process for SOFC metallic IC applications. develop promising coating material systems and is currently working with commercial SOFC system developers.
REPORT DETAILS

Phase I work Experimental methods:
Coating architectures and plasma vapor deposition processes A broad goal of this research is to enable the use of inexpensive alloys for SOFC interconnects by developing a coating material system and deposition process to ensure electrical, chemical and thermal-mechanical compatibility with other SOFC stack components, throughout the device's life-time. Toward this end, the dual segment coating approach, illustrated in Figure 1 , has been investigated.
The use of coatings to improve oxidation resistance on metal alloys has been known for many years. The LAFAD Co-Cr-Al-Y-O-N bottom-segment coating system was selected for this study due to previously demonstrated oxidation and wear resistance at temperatures up to 900°C [2, [11] [12] [13] 24, 25] . Nanolayered structures consisting of alternating Al(O/N) and Cr/Co(O/N) layers have been investigated with the goal of revealing the application-specific efficacy of this surface treatment (the notation "O/N" is meant to denote all oxygen and nitrogen-containing species generally). In addition, both pure nitrides and oxides have been explored through this work.
The hybrid LAFAD+EBPVD Mn 1.5 Co 1.5 O 4 spinel system was investigated as a top segment coating because of its SOFC cathode compatibility, its recently reported success in reducing ASR, as well as its anticipated reduction in Cr volatilization [14] [15] [16] 27] .
Two primary coating architectures were investigated during Phase I of the project: one with the top Mn 1.5 Co 1.5 O 4 segment only (~2µm); and, one with both the sublayer Cr/Co/Al(O/N) bond coating segment and top segment present (~4µm). Results from long-term (>2000hrs) oxidation in air at 800°C, ASR and Cr volatility from the two unique coated samples, in addition to uncoated samples are presented here, together with an interpretation of the significance of these results.
The single and dual segment coatings were deposited on ~1.6cm 2 x 1mm thick mechanically-lapped and polished (50-80nm nominal roughness by LapRite, Inc) substrate coupons of both commercial 430 stainless steel and Crofer 22 APU by Arcomac Surface Engineering, LLC using a patented Filtered Arc Plasma Source Ion Deposition (FAPSID) technology [7, 27, 29] . FAPSID employs a rectangular plasma-guide chamber with two rectangular deflecting coils installed on opposite sides, with electron beam evaporators within the chamber, as shown in Figure 2 . In this design, two primary cathodic arc sources utilizing Cr/Co(6%) and Al(99.9%) targets are placed opposite each other on the sidewalls of the plasmaguide chamber, surrounded by rectangular deflecting coils, and separated by an anodic baffle. The FAD vapor plasma source uses a superimposed deflecting magnetic field to turn the metalion flow 90° toward the deposition chamber and substrates. The more massive droplets of target material follow straighter trajectories and are captured on baffles, resulting in droplet-free coatings. A set of scanning magnetic coils allows the ion plasma jet to be rastered, thereby promoting uniform coverage of large surface areas [7, 17] . When the deflecting magnetic field coils are off, the LAFAD source can be employed as an effective, large area gaseous plasma generator, which ionizes the vapors from other conventional sources within the chamber. During the EBPVD deposition of the Mn 1.5 Co 1.5 O 4 upper segment, the LAFAD source is used as a powerful emitter of electrons, effectively ionizing the Mn 1.5 Co 1.5 O 4 vapor, in an attempt to densify the resultant coating. In this gaseous plasma mode, the deflecting magnetic subsystem of the filtered arc source is deactivated and the cathodes of the primary arc source serve as electron emitters while the distant auxiliary anode accepts the electron current. Ionization rate in the auxiliary arc plasma discharge reaches up to 50%. The metal vapor flow from the e-beam evaporator is also substantially ionized via collisions with the auxiliary arc electrons.
The substrates were mounted on pedestals distributed about the outer rim of a rotating carousel in the FAPSID chamber. Substrate temperature during deposition was about 500°C. Substrates were first cleaned in an Ar ion plasma at 8x10 -2 Pa for 20 min, followed by 2 min of high voltage Cr/Co ion etching in Ar (2x10 -2 Pa). Cr/Co and Al ions were then deposited in an oxygen/nitrogen/Ar = 1/1/1 atmosphere at ~4x10 -2 Pa with a squarewave/chopped applied substrate bias voltage of -300V peak at 40 kHz. With both target sources on, and substrate rotation engaged, the substrates were successively exposed alternately to Cr/Co then Al ions, in an atmosphere of both oxygen and nitrogen, resulting in bi-layers of CrCo(O/N)/AlO(N). Thickness of the individual bi-layers, the number of bilayers per total coating segment and the ratio of the sublayers (e.g. CoCrON/AlON) inside of the bilayer period in the coating was controlled by the rotation speed of the carousel, deposition rates and the total coating deposition time. It was estimated at ~2.1 nm for the coatings considered here. The LAFAD/EBPVD Mn 1.5 Co 1.5 O 4 upper segment coating was deposited by evaporating a sintered Mn 1.5 Co 1.5 O 4 spinel target pellet using a standard 6kW electron beam rastered over the target, with an emission current ranging from 0.1 to ~0.6A. The pressure during the evaporation was ~4x10 -2 Pa in an atmosphere of oxygen/argon = 1/1. During the evaporation, the LAFAD system was set for ionization mode (deflecting magnetic field off), with an auxiliary arc current of ~100A. The substrate bias during this deposition was set at -60V.
Another FAPSID process that was investigated during Phase I consisted of filtered arc deposition assisted resistive evaporation (LAFAD/RE). In this embodiment, MnO 2 powder was evaporated from an alumina-coated tungsten evaporation boat, while being mixed with filtered arc metal plasma from CrCo and Al targets installed in the LAFAD source. This exemplifies the combinations of vapor plasma sources which can be used to achieve the desired coating composition, architecture and productivity with the FAPSID surface engineering system.
Coating properties characterization
Coating adhesion was assessed by means of the Mercedes indentation test using a Rockwell C indenter with ~100N load. Radial cracks surrounding the indentation indicate good coating adhesion. Radial cracks with localized delamination indicate fair adhesion, and concentric cracks around the indentation with large area delamination indicate poor coating adhesion [18] .
Oxidation of the sample coupons (in Bozeman, MT air) was carried out using a standard furnace operated with no control of humidity or air circulation. Measurements of Area Specific Resistance (ASR) were made using standard procedures with Ag paste electrodes [4] on preoxidized samples as a function of time and temperature for coated and uncoated Crofer 22 APU coupons. A schematic describing the ASR sample measurement apparatus is shown in Figure 3 .
Prior to ASR measurements at MSU, all coupons were oxidized in air at 800°C for 100 hours, with a furnace temperature ramp rate of 5°C/min, to minimize TGO scale spallation. Subsequent to coupon pre-oxidation, Ag paste was applied to a ~1cm 2 contact area on two identical samples and cured for ~30 minutes at 110°C in air (ASR testing at PNNL did not involve pre-oxidation). Two Pt wires were spot welded (local oxide scale/coating removed) to the alloys opposite the Ag paste contact area and the sample sandwich was assembled. To ensure sandwich electrical contact, the assembly was placed between two metal blocks (~0.5kg) with alumina spacers. In addition, one identical 'witness' sample (for subsequent surface analyses) was placed next to the sandwich. The entire apparatus was then inserted into a bench-top furnace with a type-K thermocouple near the apparatus and alumina tubes to insulate the Pt wires.
The following sequence of experimental procedures was used: First, the system is heated to 800°C before applying a small and increasing DC voltage across the sandwich with the electrical current recorded; when the current density reaches ~0.5A/cm 2 , the power supply is set to constant current mode and ASR recorded. ASR measurements for coated samples extended to >2400 hours.
Subsequent to varying exposure times, sample cross sections for microscopic analysis were prepared by epoxy mounting, sectioning and polishing. SEM/EDS analysis was performed using a Joel SEM model S4700.
Ion beam analysis of the coated samples was performed using the 3 MV tandem accelerator at the Environmental Molecular Sciences Laboratory (EMSL) at Pacific Northwest National Laboratory (PNNL) in Richland, WA, and the 2 MV van de Graaff accelerator at Montana State University. The latter was used for beams of He+ and H+ up to 2 MeV, while the former provided higher energy He+ beams to analyze thicker coatings, and d+ beams for nuclear reaction analysis of the O and N concentrations, using the O reactions. Spectra were typically collected after total oxidation periods of 1, 4, 9, 16 and 25 hours at 800°C in lab air with no control of humidity. The samples were removed from the oven for ion beam analysis, and were thus subjected to thermal cycling at a rate of ~25°C/min that might have adversely affected the coatings. Composition profiles were determined by comparing SIMNRA computer simulations of the spectra with the original data [19] .
Cr volatility was investigated using a transpiration apparatus developed at Lawrence Berkley National Laboratory. To prevent Cr volatility from the uncoated side of the coated coupons, all samples (including uncoated) were first electroplated with ~50µm Ni on one (uncoated) side (Omni Metal Finishing, Inc.). The samples were pre-oxidized in air at 800°C for 2 hours prior to 24 hours exposure to 200 sccm air with 1x10 4 Pa H 2 O at 800°C. The condensate from the effluent gas was then analyzed for its Cr content using ICP-MS.
Economic feasibility assessment
To determine the economic feasibility of FAPSID technology for SOFC metallic interconnects applications, a full-scale FAPSID system model was adopted. Assumptions for coating productivity and costs were made in accordance with SECA manufacturing volume and cost objectives.
Results and Discussions:
Ion beam analysis was used to characterize the oxidation resistance and diffusion characteristics for several candidate bond coatings coming from the CrCoAlYON system. In Figure 13 we show the results for the effectiveness of a CrAlON bond coat, with no top coat and three different O/N ratios in the as-grown coatings [25] . The surface of the coating is at the left side in each profile, and the steel substrate can be seen at the right with its characteristic high Fe concentration. The depth scale unit (1x10 15 atoms/cm 2 ) is characteristic of RBS measurements, and for this case corresponds to approximately 0.2nm. The vertical scale is a percentage concentration, based on the assumption that the individual concentrations add to 100%. No measurement of hydrogen concentration was made for these coatings. The left column shows the composition for the three coatings as prepared with decreasing oxygen concentration from top to bottom. The O/N ratio for the coatings correlates well with the O/N partial pressure ratio in the chamber during growth. The right column shows the concentration profile for each sample after 25 hours of oxidation at 800°C in a tube furnace with laboratory air.
The bond coats analyzed here behave very differently when subjected to the high temperature oxidizing atmosphere. Sample B9 with about 20% oxygen, as grown, lost almost all of the nitrogen in the coating, and shows only a small amount of Fe diffusion from the substrate into the coating, although it did not diffuse all the way to the surface after 25 hours. Coating C9 contains about 10% oxygen concentration as grown. In marked contrast to sample B9, the nitrogen in sample C9 is almost completely replaced by oxygen after only 1hr of heating at 800°C, and the coating is more susceptible to Fe diffusion from the substrate into the coating. However, this coating did not show any Fe at the surface after 25 hours of heating. For coating D9 there is no oxygen in the as grown sample. The nitrogen in the coating is gradually replaced by oxygen, and is completely lost after 25 hours of heating at 800°C. Diffusion of Fe into the coating begins after only 1 hour of heating, and Fe has reached the surface of the coating after 25 hours of heating. Based on the above results we conclude that introducing oxygen during the coating growth process creates more effective diffusion barriers that slow down the diffusion of Fe from the substrate into the coating. Oxidation of the coatings presumably leads to the formations of Cr 2 O 3 and Al 2 O 3 , as determined from the stoichiometry obtained by RBS. Formation of these oxides during growth, rather than as a result of diffusion during subsequent oxidation, results in a more stable bond coat on these steel substrates.
The adhesion testing results showed in Figure 4 present the Rockwell C 145kg load indentation marks for as-deposited dual segment (a) and upper segment only coatings (b). The radial crack propagation from the indentation in Figure 4a demonstrates the excellent adhesion of the dual segment filtered arc CrCoON/AlON -filtered arc assisted EBPVD Mn 1.5 Co 1.5 O 4 coating system. The localized area coating delamination near the indentation in Figure 4b indicates only fair adhesion of the upper segment filtered arc assisted EBPVD Mn 1.5 Co 1.5 O 4 coating, when deposited without the lower segment coating. These results indicate the substrate/coating interface toughening mechanism provided by the dual segment coating architecture. This indicates a significant influence of the lower segment coating on the surface morphology and its evolution [27] .
ASR testing was performed at both PNNL and MSU using Ag paste for electrical contact. Figure 6a shows PNNL data comparing uncoated and dual segment coated Crofer 22 APU. The ASR of the uncoated sample reaches a minimum after ~50 hours, and rises steadily past 15mΩ·cm 2 after 300 hours. The ASR values of the dual segment coating continue to decrease below 10mΩ·cm 2 after over 800 hours of testing. The spike in this data may be associated with the coating recrystallization process shown in Figure 5 , which is currently under investigation. Figure 6b shows ASR testing results of FA-EBPVD deposited Mn 1.5 Co 1.5 O 4 compared to Mn 1.5 Co 1.5 O 4 deposited at PNNL using conventional magnetron sputtering. Differences in ASR behavior between these coating techniques are not significant, with both achieving a similar minimum ASR value of ~5mΩ·cm 2 with ASR slowly rising to ~6mΩ·cm 2 after ~400 hours. As the process times for conventional magnetron sputtered coating is an order of magnitude longer than that for filtered arc-assisted EBPVD coating, the observation of ASR behavior similarity is promising.
ASR testing results at MSU from two coating systems and uncoated Crofer 22 APU are shown in Figure 7 . Spikes in the data represent thermal cycling events. The two coated samples display lower ASR values compared with uncoated Crofer 22 APU after ~550 hours. ASR values for uncoated Crofer 22 APU continue to rise past 40mΩ·cm 2 after ~1,000 hours, while coated samples display relatively stable ASR behavior, with values below ~25mΩ·cm 2 after ~2,000 hours. The upper segment coating alone had the lowest ASR values, while the dual segment coating exhibited the most ASR stability [27] . The continued growth of a chromium-rich scale under the single, upper segment coating is likely responsible for the continued rise in ASR. The gradual decrease in ASR observed in the dual segment coating is likely due to interfacial and surface evolution during the test. Evidence for Ag paste interaction with both coated and uncoated samples during testing is currently under investigation.
The SEM images in Figure 8 illustrate TGO scale spallation on uncoated Crofer 22 APU after ~2000 hours oxidation in air. SEM cross section analysis shows an intact scale thickness of ~10µm after this exposure. The poor scale adhesion of the uncoated Crofer 22 APU may be attributed to the aggressive lapping procedure used to prepare the sample surfaces, as this is behavior is not observed on unpolished, uncoated Crofer 22APU coupons after oxidation. This illustrates the effect of roughness and TGO scale adhesion on uncoated steel surfaces.
An SEM image with EDS line profiles for individual elements of the dual segment coating after ~200 hours oxidation in air at 800°C is shown in Figure 9 . The composition of the upper segment layer is 1:1 Mn:Co, with negligible Cr content. The coating appears dense and well-adhered to the substrate material. Co observed in the bottom coating segment can be attributed to both the LAFAD CrCo/AlON coating deposition process and the inward diffusion from the upper FAD/EBPVD Mn-Co-O segment. In comparison, Mn observed in the bottom segment can be attributed to the inward diffusion from the upper coating segment and outward diffusion from the Mn-containing Crofer substrate. The SEM cross-sections in Figure 10 present dual segment coatings before and after ASR testing for more than 800 hours. EDS elemental maps and line scans show how the bond layer inhibits TGO layer growth. It can be seen that even with a 0.3m thick bond AlCrO layer the TGO layer growth is considerably blocked. The coating thickness and composition before and after ASR testing remains similar and coating delamination was not observed. Again, negligible Cr content is found at top of the deposited layer, thus demonstrating the coating's effective reduction in Cr surface transport.
The important conclusion resulting from the analysis of the cross-sectional elemental distribution in nanolaminated Co(Mn)CrO/CrAlO coatings indicates that after long term oxidation, the nanolaminated architecture disappears, and is replaced by a fine-grained, polycrystalline structure [27] . volatility. SEM/EDS surface analyses after Cr volatility testing indicate that Cr-rich areas were present on uncoated areas (backside and near edges) of coated sample coupons. Coating damage and resulting Cr exposure is suspected to be caused by the Ni plating process for the uncoated side, as seen in the EDX map shown in Figure 12 . Cr diffusion through the Ni plating is also a possibility. Two-sided coated coupons are currently under investigation to mitigate these effects [23] .
Conclusions:
Results obtained during Phase I of the project indicate that nanolaminated structure of the coating does not substantially improve the performance during long-time, high temperature exposures. This resulted in the decision to change the coating design from nanolaminated to a nanocomposite, consisting of atomically mixed AlCrO base phases responsible for high adhesive and cohesive toughness and chromium retaining properties of the coating and MnCoO base phases responsible for high electronic conductivity of the coating at high temperatures up to 800°C. High deposition rates achieved in the LAFAD process both for AlCrO base and CoMnO base oxiceramic coatings allow this monolayer nanocomposite coating to be deposited using the unidirectional LAFAD vapor plasma source alone without the need to combine it with other conventional deposition techniques (e.g. magnetron sputtering, EBPVD, thermal evaporation etc.).
Phase II work
During Phase II of the project, the efforts were dedicated to deposit the nanocomposite coating of the CoMnTiCrAlYON elemental system by unidirectional LAFAD vapor plasma deposition process. The coating has demonstrated high adhesive and cohesive toughness in high temperature cycling up to 800°C, chromium retention and high electronic conductivity properties when deposited on ferritic stainless steel substrates of different geometries.
Experimental methods:
Coating deposition method:
During Phase II of the project, all coatings were deposited using one unidirectional LAFAD vapor plasma source. The optimized LAFAD source at ASE's R&D facility in Bozeman MT has demonstrated high deposition rates which makes this available to deposit the multielemental ceramic coatings of CoMnTiCrAlYO(N) composition which were selected as the base coatings for this project. Due to the high LAFAD rates, it was not necessary to combine the LAFAD process with any other conventional PVD processes. Using one LAFAD source instead of the hybrid FAD/EBPVD system that was evaluated during Phase I makes the coating deposition process more robust, simple and economically viable for deposition of protective coatings on metallic IC of SOFC units.
The typical LAFAD plasma processing parameters used in most of the deposition trials reported in this work include the following steps: after pre-heating to 300-350°C using a radiant heater array, the substrates were subjected to fifteen or twenty minutes of ion cleaning at an Ar pressure of 0.8 mTorr in an argon auxiliary arc plasma generated by the LAFAD source with the deflecting magnetic field turned off. After this step, a short (two to three minute) high voltage metal ion etching step was performed by subjecting the rotating substrates to 100% ionized metal vapor plasma generated by the LAFAD source, while applying -800 to -1000 volts of bias to the rotating substrate table. These two pre-deposition plasma-processing steps are especially important to secure coating adhesion and stability at the coating-substrate interface. The rotation speed of the substrate turntable used in these LAFAD plasma processing trials ranged from 9 to 16 RPM. The substrates to be coated can be installed on single rotation (SR) or double rotation (DR) stations located along the outer perimeter of the turntable. In SR mode, the substrates are rotated around the axis of the turntable with their front surface facing the chamber walls. In DR mode, substrates are subjected to double rotation around satellite station axes as shown schematically in Figure 2 .
After the metal ion-etching step, the LAFAD coating deposition starts. During deposition of ceramic or cermet coatings, an ultra-thin metallic bond layer is deposited first to further improve the coating adhesion. The metal coatings are deposited in argon, while during deposition of nitrides or oxiceramic layers, a reactive gas (nitrogen and/or oxygen) is added to the processing chamber, forming a reactive gaseous plasma atmosphere. Note that during deposition of near dielectric oxiceramic and oxinitride coatings during Phase II of this project, a 13.56 MHz RF generator was used as a substrate bias power supply, while Phase I coating deposition processes, an MDX-II (Advanced Energy) power supply, coupled with their Sparcle-V accessory, was used as a DC bias power supply. The substrate bias during deposition of most of the conductive coatings reported in this work was -40V, while during deposition of oxiceramic and oxinitride coatings the autopolarization bias potential ranged from -40 to -100 V.
Substrate materials:
Substrate materials were similar to those of Phase I, including ferritic stainless steels (Crofer 22APU, 430 and 441). Additionally, FSS SOFC(IC) specimens were provided by VPS.
Coating properties characterization:
Coating properties were characterized as a function of high temperature exposures as described in the Phase I section. Additional testing was performed at University of Dayton Research Institute, VPS and elsewhere.
Results and Discussions:
Some of the more promising ASE coatings identified so far are LAFAD nanostructured coatings from the MCrAlYO system (where M = Co, Ti, and/or Mn). These coatings are designed to function as effective barriers, blocking both inward and outward ionic diffusion, while providing adequate electronic conductivity through the coating thickness. The transition metal dopants are selected to increase high-temperature electronic conductivity by forming nanocomposite thermistor-like oxicermets. An extensive matrix of LAFAD coatings have been successfully deposited with excellent adhesion to various FSS substrates under consideration for SOFC(IC)s. Other hybrid coating deposition methods, employing filtered arc assisted thermal resistance evaporation and filtered arc assisted electron beam evaporation are also being explored. During the reported period of time, ASE's efforts were focused on optimization of the LAFAD source to increase productivity while at the same time further reducing the density of defects in the coatings. The optimized LAFAD source is now capable of depositing nanocomposite MCrAlYO oxiceramic coatings with deposition rates exceeding 6 m/hr on substrates installed on the rotatable 0.5 m diameter turntable of the FAPSID coating system. At the same time, the density of defects dropped at least an order of magnitude. These coating properties are favorable both for high thermal-mechanical stability under long term thermal cycling conditions and for chromium retention.
Chromium volatility assessment was made at MSU using modified transpiration apparatus [23] . Figure 14 presents a summary of Cr volatility results from uncoated and LAFAD TiCrAlYO coated FSS. The graph displays the cumulative amount of Cr collected during the test. The uncoated FSS continues to volatilize Cr throughout the test, while the coated specimen demonstrates negligible Cr volatility after the first 24 hours. This coating contains ~12at% Cr; however, the Cr is apparently sequestered in a solid solution with complex Al-containing oxides, which agrees well with thermochemical modeling [26] .
Thermochemical modeling, using the advanced "TERRA" thermodynamic equilibrium calculation software with solid solution considerations, is being used to estimate phase composition of multielemental oxiceramic coatings and their interactions with SOFC-IC operating environments. The results of thermodynamic modeling of Cr volatilization from TiCrAlYO coating in SOFC simulated environment as a function of Al 2 O 3 content are shown in Figure 15 . It can be seen that an ideal chromia/alumina solid solution can be credited for substantial reduction of the volatilization rate, but cannot explain the nearly complete inhibiting of chromia volatilization from the TiCrAlYO coatings. Kinetic mechanisms, such as formation of Al 2 O 3 surface layers, have to be considered for better explanation of this phenomenon.
Evaluations of the first set of nanocomposite coatings have demonstrated nearly the same or even better structural and morphological properties in comparison with the coatings of similar compositions deposited by LAFAD+EBPVD hybrid process during Phase I. The best performance of these coatings was observed with LAFAD nanocomposite (amorphous/nanocrystalline) coatings (~2µm) containing Co, Mn, Al, Ti, Cr and Y oxides (and solid solutions thereof) on 430SS. These coatings appear to combine the proven benefits of Co/Mn-oxide spinels, e.g., low ASR, decreased thermally-grown oxide growth rates, cathode compatibility, with the known diffusion-barrier properties of Al and Cr oxides. Three of these coatings are presented in Table 1 . Note: the coating architecture in these coatings had the nanolaminated structure produced by exposing the rotating substrates in turn to vapor plasma generated by two opposite primary DCAD sources with different targets, as was described above. Figure 16 displays ASR values of three of these coatings in contact with LSM at 800°C in air. ASR values for each coating decrease from initial values. This phenomenon has been attributed to coating evolution, e.g., recrystallization, and outward transport of Mn from the steel through the coating, and was discussed in previous reports and in published literature. The lowest ASR values are realized with the Mn-containing coating, e.g., "TiMnCoCrAlYO", which also demonstrates excellent thermal stability [26] . Figure 17 presents cross-sectional SEM images of coated and uncoated 430 SS after 1,500 hours of ASR testing with LSM contact. Beginning in the left, upper corner and moving clockwise are: the TiCrAlYO coating; the CoCrAlYO coating; the uncoated 430SS; and, the TiMnCoCrAlYO coating. All of the coatings have retained their as-deposited ~2µm thickness through the 1500 hour ASR test, with some exhibiting compositional stratification (Mn-rich surface crystallites above amorphous alumina base-layer). During the same exposure, the uncoated 430SS (lower right corner) has evolved a TGO layer of >10µm thickness in some regions, with other regions of reaction with LSM (presumably forming LaCrO 3 ).
Table 1. Three promising LAFAD coatings
It was found that some coatings have been observed to retain their as-deposited amorphous structure after more than 1,500 hours exposure in 800°C air demonstrating high thermalchemical stability of this coating design during high temperature exposure. Figure 18 illustrates this phenomenon with TiCrAlYO coatings (~3µm) with surface and cross section SEM images of the coating before and after 1,500 hours in 800°C air. The top images show the coating's amorphous surface structure, which has been largely unchanged during the exposure. The bottom images show the coating cross section, which shows some evidence of local outward Mn transport, which appears to have initiated surface crystallite formation. The highest productivity of the LAFAD process was demonstrated during the deposition of AlCrO(N)-based multi-elemental oxi-ceramic and oxinitride coatings. This can be attributed to the influx of the oxygen and/or nitrogen atoms conveyed from the metal gaseous plasma to the substrate surface. In case of AlCrO base coatings, the Me 2 O 3 corundum phase is prevailing. Therefore for each depositing pair of Al or Cr atoms, three oxygen atoms will be added from the reactive gas atmosphere, which will inflate the coating thickness even more than that of CrN, TiN or AlN coatings. In addition, the primary cathode targets with a high concentration of aluminum have a greater evaporation rate than aluminum-free targets, as can be seen from Table  2 . The characteristic target evaporation rates in LAFAD process for targets made of different metals and alloys are also presented in Table 2 . The deposition rate in the LAFAD process also depends on the target material and the condition of the target surface as in any other process using vacuum arcs [5] . The evaporation rate of titanium targets in a vacuum arc process exceeds the chromium evaporation rate by almost a factor of two as shown in Table 2 . The evaporation rate of used targets drops by 20 to 25% depending on the usage time and arc current. This can be explained by a reduction of the target evaporation rate when the target is eroded; its front evaporation surface, which gets all the energy influx conveyed from the arc plasma, moves backwards and the distance between the water-cooled back of the target and the front surface of the target (where the evaporation is actually taking place) diminishes. This results in a dramatic decrease in the temperature of the front evaporation surface of the cathode target, which in turn leads to decrease in evaporation rates. It was shown that, in the case of titanium targets, the evaporation rate decreases by a factor of two when the temperature of the front evaporation surface of the cathode target decreases from 800°K to 390°K [28, 30] . Table. 3. Coating composition and mechanical properties. *Roughness was measured by Dektak 8 precision profilometer on coatings deposited on polished 440A SS **The concentrations of respective elements by Auger and EDS analysis are shown in at% after each element in coating designation formulae Figure 19 shows the EDS line scan of a 12 m thick TiCrAlYO monolayer coating deposited by the unidirectional LAFAD plasma source with two primary opposite DCAD sources #1 and #2 equipped with Ti20Cr30Al40Y2 targets on substrates installed on a rotating turntable of the batch coating system. coatings deposited by LAFAD process using either identical or different primary cathode targets are also presented in Table 3 . It can be seen that the coating compositions of TiCrAlY(O,N) coatings deposited by using the same primary targets closely resemble the respective target composition. Table 3 also presents basic mechanical properties of MCrAlY(O,N) coatings (M=Ti,Co,Mn) deposited in the LAFAD-500C deposition system on 440A Stainless Steel substrates under various processing conditions. The substrates initially had an RMS surface finish of 0.02 μm, and the substrates were mounted on the turntable in 'single rotation' mode.
The maximum deposition rate of TiCrAlYO coating, deposited without vertical rastering of the plasma flows on substrates located near the center line of the LAFAD source exit window, exceeded 6m/hr, while the average rate inside of the 0.15 m deposition area around the center line of the LAFAD source exit was 5.25 m/hr. Similar deposition rates have been achieved for a variety of oxiceramic, oxinitride and nitride coatings based on TiCrAlY system with the addition of Co and Mn, as shown in Table 3 . It can be seen that the hardness of oxiceramic and oxinitride coatings of this elemental system ranges from 20 to 30 GPa, with superhard properties demonstrated by the single-layer TiCrAlYN nitride coating (see Table 3 ). It was also found that the stress level in these coatings increases with increasing nitrogen content, correlating with the hardness. The EDS line scan in Figure 20 shows the elemental distribution across a 3m thick CoMnTiCrAlYO coating deposited during a forty minute deposition time by the LAFAD plasma source with two different primary arc targets: a Ti20Cr30Al48Y2 target installed on the primary DCAD source #1 and a Co50Mn50 target installed on the primary arc source #2. It can be seen that the LAFAD process allows effective mixing of two filtered arc plasma flows generated by primary targets with different multi-elemental compositions to achieve deposition of the complex multi-elemental nanocomposite coatings at high deposition rates. Characteristic parameters of the multielemental nitride, oxinitride and oxiceramic coatings of the MCrAlY(O,N) family deposited on FSS plates simulating the SOFC metallic interconnects are shown in Table 3 . Samples of the TiCrAlY and CoMn target materials were also analyzed at UDRI. When the AES results were compared with those for single element standards, the TiCrAlY target had considerably more Al and less Cr than expected. Because of the heterogeneity of this sample, it is questionable whether this could be a suitable standard. The AES analysis of the CoMn target showed that it was Co-rich compared to the expected composition. Since most of the coatings presented in Table 3 are oxides, it would be better to use oxide samples as reference materials. Samples of sapphire (Al 2 O 3 ), anodized titanium (TiO 2 ) and YSZ (Y 2 O 3 -ZrO 2 ) were analyzed.
The AES results for all of the reference materials are shown in the Table 4 . There is reasonable agreement between the EDS and AES results for the coating compositions of sample #4 and #5 (see Table 3 ), with the exception that EDS detects more Mn and less Co in these coatings than AES does. AES may underestimate the Mn content due to spectral overlap between Cr, Mn and Fe AES spectra. AES also overestimates the Cr because the stainless steel substrate (which contains more than 16 at% Cr) is being detected since the film ( Table 3 , item #5) is thin. Since the results for the oxide reference materials were in good agreement with the expected compositions, these were used to quantify the results for the coatings presented in Table 3 . Table 5 . Mechanical properties of LAFAD MTiCrAlYON coatings after 1500 hrs of oxidation in ASR test environment.
*As-deposited coating elemental composition is shown after each element in at% After 1500 hours of oxidation at 800°C in the ASR test environment, the mechanical properties of the coatings were analyzed using nanohardness measurement equipment at ASE. Generally, these samples are too rough to test reliably, and much of the data scatter is likely a result of this. With that said, there seems to be a clear indication on four out of six samples that coating recrystallization and a change of composition occurred, which dramatically affected their hardness and elastic modulus. Pre-test H-E values were not measured on the FSS substrates, so relative comparisons were made to identical coatings deposited on polished substrates; averaged values for pre-test substrates are indicated in Table 5 . Examples of the hardness vs. depth plots are shown in Figure 28 . Measured hardness was averaged over a range which equals 5%-10% of the coating thickness (this range can be visualized by the 2 diamond markers on each plot). Samples with Co, Mn and N show a dramatic reduction in hardness as a result of long term high temperature exposure (Figure 28b) . On the other hand, the mechanical properties of the TiCrAlYO coating did not change (Figure 28a) , which demonstrates the exceptionally high thermal-chemical stability of this coating. The optical photograph of the Rockwell C 145 kg load indentation mark of this coating after 1500 hrs of ASR test exposure shown in Figure 29 demonstrates only radial cracks without large delaminations which indicates still reasonably good adhesion of this coating after long term high temperature exposure. Figure 21 presents ASR data from coatings described in Table 3 . The ASR values for all of these coatings having a thick TiCrAlYO bond interlayer (Table 3 , all items except the Item No.5) are prohibitively high for the SOFC(IC) application. Figure 22 presents ASR data from Figure 21 , emphasizing the lowest ASR coatings. Although no coating meets the 0.01mΩcm 2 requirement, it is demonstrated through this work that small variations in coating elemental composition result in substantial differences in ASR, thus ASR can be effectively engineered into SOFC(IC) coatings, if the coating deposition system permits elemental-level control, such as is the case for Arcomac's LAFAD system. SEM cross sections with EDS linescans of three of the coatings presented in Figures 21 and 22 are presented in Figures 23, 24 and 25 . The coatings all retained their approximate as-deposited thicknesses, with evidence for elemental stratification during the 1500 hour exposure, especially for coatings containing Co and/or Mn asdeposited (Figures 24, 25) . The EDS linescans in each provide evidence of a Si-rich region near the coating/ FSS substrate interface, suggesting the formation of an insulating SiO 2 phase, which may help explain the increase in ASR observed for most of the coatings after long-term testing. Despite this, the coatings have also retained their as-deposited composition and substantially inhibited oxidation of the underlying FSS, as compared with uncoated FSS. In this respect, the coatings served as excellent and stable diffusion-barriers against oxidizing species, e.g., inward transport of oxygen from air and also outward transport of cations from the FSS substrate.
The best ASR results were obtained on samples made of 441 SS with CoMnTiCrAlYO coating (Table 3, item 5) having thickness of 3 m and deposited with ultra-thin TiCrAlYO bond layer (<50nm). The elemental composition of this coating is shown by EDS line scan in Figure 20 . It can be seen from the ASR results presented in Figures 21, 22 that this coating has a low ASR <50 mOhm·cm 2 , which does not increase noticeably after 1500 hrs of high temperature exposure in contrast with all the other coatings. This nanocomposite multielemental oxiceramic coating can be considered as the most promising candidate for SOFC IC application. Still the optimal thickness and elemental composition of this coating has to be further optimized to meet performance requirement when deposited on actual IC plates. It has to be noted that Al-rich bond interfacial sublayer which is very useful to improve coating adhesion is detrimental to ASR values. Therefore, the adhesion and cohesion toughness of the coating as well as its high temperature thermal-mechanical stability and barrier properties have to be secured via adjustment of coating composition with the balance between AlCrO component responsible for the barrier properties and CoMnO components responsible for electronic conductivity, while keeping the AlCrO rich interfacial sublayer at lowest thickness range. The thickness of the coating has to be also optimized. It can be noted that even with AlCrO based oxiceramic coating as thin as 0.3 m a considerable improvement of inhibiting the TGO growth was obtained (Figure 10) . Figure 26 presents a surface image of a CoMnO coating (Phase I) after 1000 hours in 800°C air, courtesy of VPS. The observed coating delaminatation suggests poor adhesion of this Phase I coating, which may be explained by the nanolaminated architecture of these coatings presented in Table 1 with sharp boundaries between the neighboring sublayers which can result in cohesive failures. Figure 27 shows a cross section of a Phase II nanocomposite coating presented in Table 3 (item 4) tested within a 6-cell stack at VPS. This coating was deposited by mixing TiCrAlY and CoMn plasma flows generated by the primary DCAD sources in the LAFAD process. This coating demonstrated substantial improvement of the adhesion and high temperature thermal-mechanical stability as compared to Phase I coatings due to the interfacial layer resulting from the reaction of the deposited AlCrO rich bond sublayer with steel substrate and nanocomposite nature of the coating. On the other hand, the presence of the Al-rich bond layer and a relatively high thickness of this coating resulted in increased ASR and poor stack performance. Currently, VPS is testing optimized nanocomposite coating ( Table 3 , item #5) deposited without Al-rich bond layer within SOFC stacks to determine the efficacy of the Arcomac coating strategy developed through this program. As soon we will get the results from this evaluation we will submit it as a supplement to this final report.
Economic feasibility assessment
Regardless of the FAPSID process embodiment, it is assumed that the required coating thickness (as determined through Phase I + II work) will be achieved via a less than half an hour coating deposition process. This process will be designed to accommodate 600 interconnect plates per run. With 300 days operation per year, maintaining 10 daily processes, the productivity estimates are ~0.9 million interconnects per year, sufficient to support ~45MW SOFC stack production. Process consumables include stamped interconnect plates (430 stainless steel -10x10x0.1cm); evaporation targets; electricity and other minor consumables (fluids, gases, etc.). The following cost estimates were assumed: ~$0.10 per interconnect plate as stamped [22] ; ~$0.03 per plate for pre-deposition treatment (based on known processes); and $10,000 for evaporation targets and other process consumables, which will support 100 process cycles. Using these estimates, the total processing costs of ~$0.63 per plate are determined. For comparison, the in-line EBPVD process developed at the Fraunhofer Institute in Germany has demonstrated the capability of producing SOFC(IC)-relevant coatings for a cost of approximately five Euros per square meter, which translates to ~$0.08 per 10x10cm SOFC(IC).
Arcomac's LAFAD+EBPVD technology is inherently amenable to this industrially-scaled format, and therefore it is likely SOFC(IC) coatings could be prepared for as low as ~$0.10 per plate, given corresponding large-scale SOFC development and demand. This is assuming operation costs only, with fully-automated production.
Although it is generally accepted that PVD techniques require larger capital costs than conventional coating techniques, (e.g., spray or electroplating), considerations of improved compositional and microstructure control, in addition to mitigation of hazardous materials favor PVD techniques for SOFC components applications. In addition, the LAFAD technology in a hybrid combination with conventional magnetron sputtering and EBPVD processes is a promising approach to produce both protective coatings and functional SOFC thin film materials such as insulated seal coatings, YSZ or similar thin film electrolyte, LSM or similar cathode materials and Ni-YSZ anode in one vacuum cycle. A professional, detailed economic analysis, which includes life-cycle costs of different coating technologies, and their operational/safety costs, in addition to their inherent differences in coating composition and microstructure control, is needed to determine which coating technique is favorable for the SOFC(IC) application (regardless of coating composition).
Conclusion:
The continued TGO scale growth observed on the uncoated FSS coupons makes them unsuitable for long-term use as SOFC interconnects. For this reason, it is imperative to develop effective protective coatings. Arcomac Surface Engineering has developed advanced coating deposition processes, to enable the use of inexpensive metallic alloys as interconnect components in planar SOFC systems. Long-term ASR stability of Crofer 22APU has been improved by the use of a two-segment coating architecture: A bottom segment, based on Ti-Cr-Al-Y-O composition was deposited by unidirectional LAFAD vapor plasma source, while a top segment, based on Mn-Co-O, was deposited by filtered arc-assisted Electron Beam Deposition. In addition to improved ASR stability, the coated samples exhibited much better hightemperature oxidation resistance, along with nearly 100% reductions in Cr volatility. The observed improvements are most likely due to the diffusion-barrier characteristics of the lower segment coating and to the high electrical conductivity and excellent Cr-retention properties of the upper segment coating. It was found that the composition of the FSS substrate also affect the coating performance. For example, when the FSS substrate contains Si, this results in the growth of an insulating SiO 2 sublayer at the coating-to-substrate interface, which is detrimental to the long term performance of the IC plates.
The exceptional high temperature stability was demonstrated by a nanocomposite TiCrAlYO coating deposited by the unidirectional LAFAD vapor plasma source. This coating retains its mechanical properties and high adhesion after 1500 hrs at 800°C in ASR test environment. It effectively inhibits Cr volatilization and TGO scale growth. Since this coating is a poor conductor, nearly dielectric it cannot be used as a protective coating for the FSS ICs without the addition of other elements which can make it a good conductor. This coating can be recommended for a seal of the SOFC bipolar plates. The addition of Co and Mn to TiCrAlYO composition have demonstrated a high promise by forming electronically conductive spinel phases, which are thermal-chemically stable and can survive a long term exposure in the SOFC environment. More work is needed to optimize this promising coating composition and structure, with the optimal thickness expected to be in the range between 0.5-3m. The high deposition rate of this coating by the LAFAD process which surpasses other conventional vacuum processing technologies makes it a cost effective approach in mass production of SOFC components. In addition, the compatibility of LAFAD process with conventional magnetron sputtering and EBPVD techniques makes it a promising technological platform for developing a continuous in-line vacuum process for manufacturing the entire SOFC cell.
A wide variety of coating compositions and architectures have been investigated to meet SECA's SOFC interconnect performance and cost requirements. A large, industrial-scale, deposition system, offering favorable economics by virtue of its high throughput and advanced hybrid design is currently under development. Preliminary economic evaluations indicate that the cost of these state-of-the-art PVD coatings could eventually drop as low as ~ $0.10 per plate at mass production stage, with the added benefit of much better quality control and drastically reduced hazardous waste production in comparison to conventional coating techniques. Collaboration with Industrial SOFC developers is ongoing in order to evaluate the coated samples under realistic operating conditions. Table 1 ) before and after 1,500 hours in 800°C air. Table 3 , Item 2) after 1500 hours of exposure at 800°C in moisturized air.
